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Abstract
Interplanetary dust particles (IDPs) are an important constituent of the earth’s
stratosphere, interstellar and interplanetary medium, cometary comae and tails,
etc. Their physical and optical characteristics are significantly influenced by the
morphology of silicate aggregates which form the core in IDPs. In this paper we
reinterpret scattering data from laboratory analogs of cosmic silicate aggregates
created by Volten et al. [1], to extract their morphological features. By evalu-
ating the structure factor, we find that the aggregates are mass fractals with a
mass fractal dimension dm ≃ 1.75. The same fractal dimension also character-
izes clusters obtained from diffusion limited aggregation (DLA). This suggests
that the analogs are formed by an irreversible aggregation of stochastically-
transported silicate particles.
Keywords: silicate cores, interplanetary dust particles, structure factor, mass
fractals, diffusion limited aggregation.
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1. Introduction
Fractal geometries provide a description for many forms in Nature such
as coastlines, trees, blood vessels, fluid flow in porous media, burning wave-
fronts, dielectric breakdown, diffusion-limited-aggregation (DLA) clusters, bac-
terial colonies, colloidal aggregates, etc. [2, 3, 4]. They exhibit self-similar and
scale-invariant properties at all levels of magnification and are characterized by
a non-integer fractal dimension. These features arise because the underlying
processes have an element of stochasticity in them. Such processes play an im-
portant role in shaping the final morphology, and their origin is distinctive in
each physical setting.
Irregular and rough aggregates have also been observed in the astronomical
context. Naturally found cosmic dust aggregates, known as interplanetary dust
particles (IDPs), are collected in earth’s lower stratosphere. They are formed
when dust grains collide in a turbulent circumstellar dust cloud such as the solar
nebula, and are an important constituent of the interstellar medium, interplan-
etary medium, cometary comae and tails, etc. Mass spectroscopy analysis of
IDPs have revealed that their primary constituents are (i) silicates of Fe, Mg,
Al and Ca, (ii) complex organic molecules of C, H, O and N, (iii) small carbona-
ceous particles of graphite, coal and amorphous carbon and (iv) ices of CO2,
H2O and NH3 [5, 6, 7, 8, 9]. Amongst these, there is an exclusive abundance
of silicates which aggregate to form particle cores. They have been described
as fluffy, loosely-structured particles with high porosity. The other constituents
contribute to the outer covering or the mantle and are usually contiguous due
to flash heating from solar flares and atmospheric entry [10]. The core, being
deep inside retains its morphology. The latter is believed to have a fractal or-
ganization characterized by a fractal dimension, but this belief is not on firm
grounds as yet [11, 12]. As the core morphology affects the physical and optical
characteristics of IDPs, its understanding has been the focus of several recent
works [13, 14, 15, 16, 17, 18].
Two classes of stochastic fractals are found in nature. The first class is
that of surface fractals whose mass M scales with the radius of gyration R in
a Euclidean fashion, i.e., M ∼ Rd, where d is the dimensionality. However, the
surface area S increases with the radius as S ∼ Rds , where ds is the surface
fractal dimension and d − 1 ≤ ds < d [19]. Interfaces generated in fluid flows,
burning wavefronts, dielectric breakdown and deposition processes are examples
of surface fractals. The second class is that of mass fractals which obey the
scaling relationship, M ∼ Rdm , where dm is the mass fractal dimension and
1 ≤ dm < d. Examples of mass fractals are DLA clusters, bacterial colonies and
colloidal agregates. Further, in many situations, mass fractals are bounded by
surface fractals [2, 3, 4]. As a matter of fact, the above mass fractals belong to
this class.
There are many unanswered questions in the context of fluffy cores or sil-
icate aggregates of IDPs. For example, are they mass fractals, bounded by
surface fractals? What is their mass and surface fractal dimension? What
kind of aggregation mechanisms are responsible for this morphology? What are
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the consequences of fractal organization on the evolution of clusters? In this
paper, we provide answers to some of these questions using the real-space corre-
lation function C (r) and the momentum-space structure factor S (k). Smooth
morphologies are characterized by the Porod law [20, 21]. The signature of
fractal domains and interfaces is a power-law decay with non-integer exponents
in C (r) and S (k). As typical experimental morphologies are smooth on some
length scales and fractal on others, the behaviors of C (r) vs. r and S (k) vs.
k are characterized by cross-overs from one form to another. We identify these
features in laboratory analogs of cores of IDPs created by Volten et al. using
magnesio-silica grains, by reinterpreting their light-scattering data [1]. We find
that these aggregates are mass fractals with a fractal dimension dm ≃ 1.75.
The same fractal dimension characterizes diffusion limited aggregation (DLA).
We therefore infer that aggregation mechanisms of silicate cores in IDPs are
stochastic and irreversible as in DLA.
This paper is organized as follows. In Section 2, we describe the tools for
morphology characterization and their usage to obtain mass and surface fractal
dimensions. In Section 3, we describe the experimental analogs of silicate cores
in IDPs and obtain the structure factor from their light scattering data to extract
fractal properties. In Section 4, we present a simulation of the DLA cluster,
and the evaluation of its structure factor and the corresponding mass fractal
dimension. Finally, we conclude with a summary and discussion of our results
in Section 5.
2. Tools for Morphology Characterization
A standard tool to obtain information about sizes and textures of domains
and interfaces is the two-point spatial correlation function [21]:
C (r) = 〈ψ (~ri)ψ (~rj)〉 − 〈ψ (~ri)〉〈ψ (~rj)〉, (1)
where ψ (~ri) is an appropriate order parameter and r = |~ri − ~rj |. (We assume
the system to be translationally invariant and isotropic.) The angular brackets
denote an ensemble average.
The scattering of a plane wave by a rough morphology can yield useful
information about the texture of the domains and interfaces in it. Thus, small-
angle scattering experiments (using X-rays, neutrons, etc.) can be used to probe
their nature. The intensity of the scattered wave in these experiments yields
the momentum-space structure factor, which is the Fourier transform of the
correlation function [20, 21, 22, 23]:
S(~k) =
∫
d~rei
~k·~rC (~r) , (2)
where ~k is the wave-vector of the scattered beam. The properties of C (r) and
S (k) provide deep insights into the nature of the scattering morphology.
Consider a domain of size ξ formed by spherical particles of size a, as depicted
schematically in Fig. 1(a). The typical interfacial width w, is also indicated.
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This prototypical morphology could represent a colloidal aggregate, soot parti-
cles, a DLA cluster, etc. The correlation function for such a morphology can be
approximated by
1− C (r) = C¯ (r) ≃


Arα, w ≪ r ≪ ξ,
Brβ , r ≪ w ≪ a,
Crγ r ≪ a.
(3)
The first term conveys information about the domain texture probed by length
scales w ≪ r ≪ ξ. If the domain has no internal structure, α = 1 signifying
Porod decay [20, 21]. For a fractal domain, on the other hand, α = dm−d where
dm is the mass fractal dimension [22, 23]. The second term conveys information
about the properties of the interface, probed by lengths a≪ r ≪ w. For fractal
interfaces, 0 ≤ β < 1, and β is related to the fractal dimension as ds = d−β [24].
The third term is significant only if the building blocks are particles of diameter
a. In that case, γ = 1 for r . a, yielding a Porod regime at a microscopic length
scale.
In Fourier space, Eq. (3) translates into the following power-law behavior of
the structure factor:
S (k) ≃


A˜k−(d+α), ξ−1 ≪ k ≪ w−1,
B˜k−(d+β), w−1 ≪ k ≪ a−1,
C˜r−(d+γ) a−1 ≪ k.
(4)
The Porod decay of the form k−(d+1) in the scattered intensity is typical of
smooth domains or sharp interfaces [20, 21]. A deviation from this behavior to
S(k) ∼ k−(d±θ) is indicative of a fractal structure in the domains or interfaces.
When physical structures have multiple length-scales, one or more terms in
Eqs. (3) and (4) may contribute. Their presence is characterized by cusps in
the correlation function, and corresponding power-laws in the structure factor
[25].
We illustrate the power laws and cross-overs discussed above in the context
of the 2-d morphology depicted in Fig. 1(a). It should be noted that both the
domain and the interfacial boundary in this schematic are rough, self-similar
fractals. The structure factor S (k) vs. k for this morphology obtained from
the Fourier transform of the spherically-averaged correlation function C (r) vs.
r is plotted in Fig. 1(b) on a log-log scale. This function exhibits two distinct
regimes over large and small values of k as seen from the best fit lines: power-
law decay with S (k) ∼ k−1.71 for ξ−1 ≪ k ≪ w−1 and a Porod decay with
S (k) ∼ k−3 for a−1 ≪ k. With reference to Eqs. (3) and (4), the power law
decay signifies a fractal domain morphology with a mass fractal dimension dm ≈
1.71 while the Porod decay is due to the smooth surface of the particles. The
structure factor corresponding to wave vectors in the interval w−1 ≪ k ≪ a−1
is due to scattering from the rough fractal interfaces. However it difficult to
identify the corresponding power law with precision due to cross-overs effects
from the adjoining mass fractal and Porod regimes.
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3. Analysis of Silicate Cores
We now investigate the morphological characteristics of silicate cores using
the correlation function and the structure factor. As real samples are scarce,
it has been customary to create them in the laboratory using a condensation
flow apparatus followed by flash heating to mimic the environment required for
the formation of cosmic silicates and circumstellar dust. A significant contri-
bution in this context is the work of Volten et al. [1]. They created a variety
of magnesio-silica samples with (relative) concentrations typical of silicate cores
in IDPs [26]. The mixed grains in these samples formed interconnected, tan-
gled chains ranging from open structures to dense structures, thereby yielding
samples of varied porosities. We calculate S (k) for two such analogs: Sample 1
has an equal proportion of Mg and Si; and Sample 2 has Mg and Si in the ratio
1.4:1. These samples have a porosity of ∼ 40% [1, 26].
Fig. 2(a) reproduces a prototypical TEM image of an ultra-thin section sliced
through MgSiO particles prepared by Volten et al. (The image is reproduced
from [1] with permission from the authors.) They are organized in the form
of small fluffy aggregates organized in a contiguous but porous morphology [1]
Volten et al. then obtained light-scattering data for the samples using the Ams-
terdam light scattering database. The light-scattering properties were measured
at a wavelength of 632.8 nm with the range of scattering angles from 5◦ to 174◦,
in steps of 1◦. These measurements yielded the scattering matrix elements as
a function of scattering angle θ. The inset of Fig. 2(b) plots scattering phase
function S11 vs. θ. We convert this data in terms of the magnitude of the scat-
tering wave-vector by the transformation k = 4π/λ sin(θ/2). The transformed
data sets are presented in Fig. 2(b) on a log-log scale. The intermediate-k region
is linear on this plot, implying a power-law dependence between the scattering
intensity S(k) and the scattering wave-vector k. The best-fit line (shown along-
side) has a slope of −1.75. From Eqs. (3)-(4) and the accompanying discussion,
it is clear that the fluffy aggregates of Samples 1 and 2 are mass fractals with a
mass fractal dimension dm ≃ 1.75.
4. Diffusion Limited Aggregation
A relevant question now is: What kind of mass-transport mechanisms lead to
fluffy aggregates with dm ≃ 1.75? To answer this question, we create aggregates
of particles using the DLA model. We performed this simulation on a cubic
lattice adopting the algorithm introduced by Meakin [27]: (i) A particle is placed
at the origin or the center of the cube. (ii) A new particle is released at a
distance R from the center and performs a random walk. (iii) On encountering
an occupied neighboring site, it adheres irreversibly to it. Steps (ii) and (iii) are
repeated several times to obtain a DLA cluster.
To mimic the morphology (of several small aggregates) observed in the TEM
micrograph of Fig. 2(a), we simulate a DLA cluster (d = 3) using multiple
seeds. Each seed initiates a sub-cluster using the above procedure. We allow
the sub-clusters to grow till they form a contiguous, yet delicately branched,
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self-similar structure. Fig. 3(a) depicts such a prototypical multi-seed cluster
built from ∼ 104 particles. We also show a slice of this morphology (d = 2) in
Fig. 3(b). It contains two initial seeds, marked in red. Notice here the similarity
of this slice with the open contiguous structure in the TEM image of Fig. 2(a).
Next, we quantify the morphology of Fg. 3(a) by evaluating the spherically-
averaged structure factor S(k), which is shown in Fig. 3(c) on a log-log scale.
The power-law behavior at intermediate values of k fits best to a line with slope
−1.75. With reference to Eq. (4) and the discussion thereafter, DLA clusters
are mass fractals with dm ≃ 1.75. In view of these observations, we infer that
the aggregates obtained in the experiments of Volten et al. with dm ≃ 1.75 are
due to irreversible aggregation of stochastically transported silicate particles.
5. Conclusion
Interstellar dust particles (IDPs) found in the earth’s stratosphere are an
important constituent of cosmic matter. These comprise of loosely structured
silicate cores or aggregates ensconced in a mantle of organic and carbonaceous
compounds [5, 6, 7, 8, 9]. The organization and optical characteristics of the
IDPs are greatly influenced by the morphology of the core. In this paper,
we have re-interpreted scattering data from laboratory analogs of silicate cores
in IDPs created by Volten et al. [1] using the correlation function C(r) and
the structure factor S(k). This analysis has provided us a means to quantify
characteristics such as the size and texture of these aggregates. The presence of
fractal architecture is characterized by power laws with non-integer exponents
in the structure factor. We found that the silicate aggregates are mass fractals
with a fractal dimension dm ≃ 1.75. This value of dm is the same as the fractal
dimension of aggregates obtained in a diffusion limited aggregation model. We
therefore conclude that the aggregates are formed by an irreversible aggregation
of stochastically transported silicate particles. We have also studied the effect
of density of particles on the fractal dimension. Our observation is that dm
approaches the Euclidian dimension (d = 3) with increasing density. Further,
we wish to emphasize that C(r) and S(k) contain information averaged over
all domains and interfaces in contrast to the conventionally used (local) box-
counting procedures. Our estimates of dm are therefore very accurate.
For confirmation of our results and further insights, we require data from
real cosmic dust and cometary particles. We understand that it is difficult to
obtain light scattering data from stellar objects. Alternatively, information pro-
viding depth profiles of these assemblies could also be used to evaluate the C(r)
and S(k). As discussed above, they are excellent tools for morphology charac-
terization especially due to their direct experimental relevance. More generally,
micro-scale phenomena are characterized by mass-dependent diffusion, i.e., the
diffusion rate D(m) ∼ m−α, where m is the mass or number of particles in the
cluster and α is a system-specific parameter [25]. The fractal characteristics
of aggregates are greatly influenced by α. We are presently investigating them
to quantify this influence. We hope that such analyses will enhance our un-
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derstanding of diffusion mechanisms in mega-scale systems found in the cosmic
environment.
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Figure 1: (a) A typical morphology of a domain of size ξ formed by spherical
particles of size a is depicted. (b) Log-log plot of structure factor of the morphol-
ogy as shown in (a). A power-law decay with a slope of -1.71 signifies a fractal
morphology whereas a slope of -4 signifies a Porod law decay due to smooth
morphology of the overall domain at that particular length scale.
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Figure 2: (a) TEM image of a section sliced through a fluffy MgSiO particle
consisting of several small aggregates of magnesio-silica grains forming a con-
tiguous, yet porous structure [1]. (b) Scattering intensity S(k) as a function of
scattering wave-vector k for Samples 1 and 2 on a log-log scale. A line of slope
−1.75 fits well to the intermediate-k data. The original experimental data from
Ref. [1], showing the variation of scattering phase function S11 as a function of
scattering angle θ, is provided in the inset.
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Figure 3: (a) Computer generated DLA cluster (d = 3) with multiple seeds ob-
tained from ∼ 104 particles. (b) A slice (d = 2 of the DLA cluster depicting two
initial seeds (red) and the delicately branched, self-similar contiguous growth.
(c) Spherically averaged structure factor, S(k) vs. k, on a log-log scale for the
DLA cluster in (a). The power-law behavior in the intermediate-k regime
yields the mass fractal dimension dm ≃ 1.75.
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